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Abstract

Mixing of gaseous jets in a cross-flow has significant

applications in engineering, one example of which is

the dilution zone of a gas turbine combustor. Despite

years of study, the design of jet injection in

combustors is largely based on practical experience.

A series of experiments was undertaken to delineate

the optimal mixer orifice geometry. A cross-flow to
core-Ilow momentum-flux ratio of 40 and a mass flow

ratio of 2.5 were selected as representative of an

advanced design. An experimental test matrix was

designed around three variables: the number of

orifices, the orifice aspect ratio (long-to-short

dimension), and the orifice angle. A regression

analysis was performed on the data to arrive at an

interpolating equation that predicted the mixing

performance of orifice geometry combinations within

the range of the test matrix parameters. Results

indicate that mixture uniformity is a non-linear

function of the number of orifices, the orifice aspect

ratio, and the orifice angle. Optimum mixing occurs

when the asymptotic mean jet trajectories are in the

range of 0.35 < r/R < 0.5 (where r=0 is at the mixer
wall_ at z/R = 1.0. At the optimum number of

orifices, the difference between shallow-angled slots

with large aspect ratios and round holes is minimal

and either approach will lead to good mixing

performance. At the optimum number of orifices, it

appears possible to have two local optimums where

one corresponds to an aspect ratio of 1.0 and the

other to a high aspect ratio.
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Introduction

Mixing of air jets into a cross flow is a fundamental

part of gas turbine engine technology. Combustor

efficiency, exit plane temperature pattern factor and

effluent gas composition are strongly affected by the

quality of the air jet-combustor gas mixing that is

achieved. Because a significant amount of the

combustion air is injected via jets through the side-
wall, optimization of the combustor must consider

wall orifice distribution, orifice size, jet penetration

characteristics, and local enthalpy levels due to the jet

mixing characteristics. Most of the important

combustion mechanisms (e.g., strength and size of the

recirculation zone, volumetric heat release patterns,

liquid fuel evaporation and consumption

characteristics, etc.) are inextricably linked to the jet

mixing processes (see Figure 1). Clearly, advances in
gas turbine combustor technology are dependent upon

and cannot occur without understanding jet mixing
into confined cross flows.



Theneedtounderstandandoptimizejetmixinginto
cross-flowsis not limitedto gasturbinecombustor
applications.Similarmixingproblemsexistin the
designof fuelandair premixers,thedischargeof
effluentinto water,andmanyotherapplications
wheretwocontinuouslyflowingstreamsaremixed
together.

Thepresentstudyaddressesthefundamentalmixing
characteristicsthatgoverntheoptimalmixingin
cylindricalducts.The goals of the present study are

to (1) characterize the relationship between the jet

orifice geometry and number as it relates to mixture

uniformity one duct radius downstream of the orifice

leading edge for a fixed jet-to-mainstream

momentum-flux ratio, and (2) identiI)' the optimal

mixing configuration.

Background

Many recent studies have been conducted relative to
jet nuxing in gas turbine combustor applications.
These studies have been focused on both

cylindrical 1"8 and rectangular 9"17 duct

configurations. In these studies, the importance of

the momentum-flux ratio, orifice shape and orifice
number are delineated.

Hatch et al.1 studied the mixing characteristics of

both circular and slanted slot jet orifices in a

cylindrical duct, where the number of orifices for

each mixer was held constant at eight. Mixing quality

was quantified at an axial distance equal to one duct

radius downstream of the leading edge of the orifice

using an area weighted standard deviation value for

experimentally deterrmned mixture fractions. The

best mixer had the smallest value of area weighted

standard deviation at the evaluation plane. Among
other results, it was observed that the optimum

mixing configuration likely varied in number of
orifices at a fixed momentum-flux ratio.

Consequently, because the number of orifices were

not varied, an optimum mixer could not be identified.

In a study limited to round hole orifices, Kroll et al. 4

determined experimentally the optimum number of
orifices for two fixed momentum-flux ratios of J=25

and J=52. The optimum number of round hole
orifices for these momentum-flux ratios based on the

same criteria as the Hatch et al. 1 study was found to

be 10 and 15 respectively. (Further analysis
determined that the actual experimental momentum-
flux ratios were 36 and 70 for the J=25 and J=52

cases respectively.) The corrected results agreed well
with the design equation reported by Holdeman 10,1 I.

n=_4_7 / C (1)

With C=2.5 (as suggested in(10)), the needed number

of round hole orifices predicted by Equation (I) is 10

and 15 for the low and high momentum-flux cases
reported in Kroll et al. 4 respectively.

Oechsle et al. 3 considered the optimization

requirements of the different orifice designs reported
in Hatch et al. 1. They used several different

parameters for optimization including the area

weighted standard deviation discussed above. They

concluded in part from their numerical and analytical

study that relatively shallow-angled slanted slot
orifices would provide opumum jet penetration and

mixing characteristics.

Although the preceding studies have provided much

insight on orifice optimization to achieve best mixing

conditions in cylindrical ducts, none of the studies

followed an optimization approach that systematically

varied orifice design parameters at a fixed
momentum-flux ratio such that a mathematical

response surface could be created. This is the goal of
the current study: to identify the sensitivity of jet

mixing performance to small changes in orifice slot

angle, aspect ratio, and orifice number. In the current

study, odd shaped orifices are not considered.

F,lmmmml

F_ilf,ilKy.. The experimental facility that was used for
this research is the same basic test stand and flow

panel that is described in Hatch et al.1 and Kroll et

al.4. This facility provided 212°F main stream air at

atmospheric pressure. Jet air was supplied at 74°F to

a manifold which supplied the orifices in the mixer.

A thermocouple probe was used to measure the local

temperature where the jet fluid mixed with the heated
mainstream fluid.

Figure 2 depicts the arrangement of the test assembly

and the thermocouple probe. The displacement of the

three axes was monitored with a Mitutoya digital

displacement indicator with a precision of 0.001 inch.

The 1/8 inch type K thermocouple used for thermal

flow field mapping was centered and aligned prior to
each experiment.



Themain(core)air flowentersthebottomof the
mixingmoduleatatemperatureof212°Fandabulk
velocityof31ft/sec.Themanifoldwasmanufactured
withfourportsequallyspacedaroundthemanifold's
circumferenceat boththetop andbottom. Four
individuallymeteredairstreamssupplythelowertour
manifoldportswithjet air at approximately74°F.
Afterenteringthebottomof themanifold,thejet air
flowsupwardthrougha 1/2inchthickhoneycomb
ring. Thehoneycombaidsin removinganyswirl
fromthejet air priorto its passagethroughthe
mixer'sorifices.

Oneofthemanifold'stopportsisusedtomonitorthe
airpressure,athermocoupleis locatedin a second
porttomeasurethejet temperature,andtheremaining
twoportsarecappedoff. A dimensionedmixeris
showninFigure3forreference.

_. A thermocoupleprobewaschosento
performthe point temperaturemeasurementsin
accordancewith thedesireto usea simpleand
reliablemeasurementtechnique.The relatively large

time constant of the thermocouple had the effect of

averaging the temperature fluctuations in the fully

turbulent flow field. Four probe designs were

investigated to evaluate which design minimized the

flow field perturbations. Each probe design used a 12

inch long 1/8 inch diameter type-K thermocouple.

The following criteria were established to evaluate

alternative probe designs:

The calculated jet fluid back-flow

should be minimized and approach

zero at the orifice leading edge.

100% of the jet fluid mass should
be accounted for at the orifice

trailing edge plane (z/h = 1.0).

Deviation of the mean mixture

fraction from the calculated

equilibrium value at z/R=l.0 should
be minimized.

The initial probe design was a straight, axially-

aligned probe. Because this probe was aligned with

the bulk fluid flow direction, it would perturb the
flow the least downstream of the orifices. The

experiments bore this out. For the straight axial-

aligned probe, flow field perturbations were not
significant except in the orifice region. However, in

the vicinity of the orifices, the strong degree of cross-

flow normal to the probe caused perturbations that

resulted in the appearance of a high degree of jet fluid

back-flow; (i.e., the propagation of jet fluid in the

upstream direction).

To minimize the perturbations in the orifice region,

three other thermocouple probe designs were

analyzed. The first was an axially aligned probe with

a 90 degree bend near the thermocouple junction. In

this arrangement, the 90 degree section of the probe

pointed into the oncoming jet stream, thereby

eliminating the strong cross-flow that was

problematic for the straight probe. Analysis of a data

set collected with the 90 degree probe revealed that

this arrangement was biased to the main stream flow.

At the axial plane corresponding to the trailing edge

of the orifices, the integrated 90 degree probe data

did not show adequate mass balance closure. At the

trailing edge plane well less than 100 percent of the

jet mass was measured which result is not physically

realistic. Where the straight probe was unrealistically

cold in the orit_ce region (biased to the jets), the 90

degree probe was unrealistically hot (biased to the
main stream). In both cases, the cross-stream fluid
tended to bias the measurement.

On the basis of these results, an axially aligned probe

with a 45 degree bend was selected and a third data
set was collected for the same module (12 orifice

round hole design at a jet to mainstream momentum-

flux ratio of 36). Not surprisingly the 45 degree

probe results tell almost exactly between the two

extremes. Mass balance closure testing of the 45

degree probe data set showed that 100 percent jet

mass addition was accounted for at the orifice trailing

edge and not significantly upstream of the trailing

edge. The differences between a shielded and a
nonsheilded thermocouple probe were 'also

investigated. No differences were observed.

Consequently, an exposed junction, ,*5 degree

thermocouple probe was used to acquire the entire

data set reported herein.

Each of the orifice optimization experiments involved
the measurement of eight planes of data. Six of the

eight planes were concentrated in the orifice region
where the strongest thermal gradients were located.

Only eight planes of data were acquired due to

tradeoff between having enough mixing detail while

keeping the time associated with each experiment to a

reasonable length. These eight planes were located as
follows:



Plane1: z = -0.100 inches

Plane 2: z = 0.000 inches

Plane 3: z = 0.100 inches

Plane 4: z = hi2 inches

Plane 5: z = h-0.100 inches

Plane 6: z = h inches

Plane 7: z = h+(R-h)/2 inches
Plane 8: z = R inches

where z=axial distance relative to the leading edge of
the orifice, h=the orifice axial distance and R=rmxer

radius (1.5 inches). This paper focuses soley on
results from Plane 8.

In each data plane (identified above), the data taking

region comprised a two orifice sector. If the 2 orifice

sector was less than (greater than) 90 degrees, then

the grid was spatially compressed (expanded) so the

relative density of the measurements was preserved.

The gridding scheme tollowed in this study tbr a 90

degree two orifice sector is shown in Figure 4. The

central portion of the grid is composed of a Cartesian

type of scheme employing equal x,y increments.

Additionally, data points are arranged in an equal
increment fashion along the initial and final sector
radial lines, as well as around the circumference of

the sector.

Global Orifice Optimization. On the basis of the
results reported in Hatch et al. 1 and Kroll et al.4, a

Box-Behnken test matrix was established for this

study. The previous studies were used to identify

parameter ranges that would encompass the optimal

mixing geometry at a momentum-flux ratio of 40 and
at a fixed jet-to-main stream mass flow ratio of 2.5.

Table 1 shows the initial 13 cases (cases 1-13

respectively) and variable settings for each case.

Three parameters were varied: number of orifices,

slot aspect ratio and slot angle. As noted above.

Figure 3 details the mixer design used. In this study

all of the orifices had circular ends. Consequently, a
slot with an aspect ratio of 1 corresponded to a round

hole. The first 13 experiments tabulated in Table 1

are shown pictorially in Figure 5. The Box-Behnken

test matrix allowed the fitting of non-linear regression

equations to the data while minimizing the number of
required experiments. The operating conditions are
listed in Table 2.

Upon completion of the data acquisition for the initial
13 cases of Table 1, the mixture fraction standard

deviation (S'I'D) was calculated at each plane in the
tlow field to quantify the degree of mixedness at each

plane. The z/R=l axial plane for the initial 13 cases

listed in Table 1 were repeated once to provide an

estimate of pure experimental error. A regression

analysis was performed on the results at the z/R=1.0

plane to arrive at a model that quantifies the STD as a

function of the number of orifices, the orifice aspect

ratio, and the orifice angle, The results of this

regression analysis highlighted the need to conduct a
second Box Behnken test matrix to better refine the

response surface.

Cases 14-26 in Table 1 detail the second test matrix.

This test matrix was identical to the first except that

the number of orifices ranged between 6 and 10.

When the measurements corresponding to cases 14-
26 were completed, a cubic model was fit to the data

sets and used to further understand the relationship

between design parameters. Insignificant model

terms were removed from the cubic equation using
traditional statistical methods.

anal.v.m

The mixture fraction value is a measure of the degree

of local mixedness or unmixedness at a given point.
Temperature measurements were made as a means of

tracking the local mixture fraction. This was

possible, because the experiments were non-reacting.

In this system, temperature is a conserved scalar (i.e.

no sources or sinks). Conserved scalars can track

other conserved scalars (e.g. local elemental mass
fractions) in a non-reacting system 18.

The mixture traction takes the following form when
based on temperatures:

Tlocal -- T;et

f= (2)
- Tj,,

A value of f=l.0 corresponds to the presence of pure

main-stream flow, while f=0 indicates the presence of

pure jet flow. Note that this definition is opposite to
some previous definitions in the literature (e.g., ref

(10)). Complete mixing occurs when f approaches

the equilibrium value determined by the mass-flow

ratio and temperatures of the jet and main-stream.

To quantify the mixing effectiveness of each mixer
configuration, an area-weighted standard deviation

parameter ("STD") was defined at each measurement

and interpolated data plane.

STD = _/A _" a,(f_ - ],)2 (3)



wheref_ is the average planar mixture fraction, a i is

the nodal area at which f/is calculated, and A= Y_ai.

It should be noted that at planes downstream of the

trailing edge of the orifice, 37 equals the equilibrium

mixture fraction. Complete nuxing is achieved when

the STD across a given plane reaches zero.

Results

Table 1 lists the orifice axial distance and the

percentage of orifice blockage for the 26

configurations considered. The orifice axial distance

is expressed as the ratio of the axial projection of the

orifice (h) to the radius of the mixing module (R=l.5

inches). The percent blockage is expressed as a ratio

of the total circumferential projection of the orifices
to the circumference of the mixer.

The normalized orifice axial distance (h/R) is a

measure of the axial rate of jet mass addition. To

illustrate its importance to mixing, consider two
extreme cases; h/R=l.0 and h/R--0.0. For the case

where h/R=l.0, the jet fluid addition process is

continuing right up to the final mixing analysis plane

at z/R=l.0. The jet fluid that passes through the
trailing portion of the orifice does not have the

opportunity to mix with the main fluid. This re,suits

in warm and cool spots in the analysis plane and a

correspondingly high mixture fraction standard
deviation. At the other extreme is the case where h/R

--0.0. This corresponds to the jet fluid being added

instantaneously, thereby having the entire residence
time between z/R----0.0 and z/R=l.0 to nux with the

main fluid. Note that in the six orifice case

(number=-6, aspect ratio=5, angle=30, see Table 3),

the orifice axial distance extends beyond one duct
radius downstream. Also in a few of the other six and

eight orifice cases, the orifice axial distance is nearly

equal to one duct radius.

The percentage of orifice blockage for a given orifice
long-to-short aspect ratio and number of orifices is

inversely proportional to the orifice axial distance. A
high aspect ratio design at a zero degree orifice

inclination angle (aligned with the mixer's center-

line) would have a large h/R and a small percentage

of orifice blockage. The opposite is also true.

As the percentage of orifice blockage approaches
100, the jet flow approaches the point of completely

inhibiting the flow of the main fluid near the

module's wall. This can have the advantage of

cooling the walls at the expense of allowing an

undiluted core of main fluid to pass through the mixer

section. Similarly, with an orifice angle of zero (i.e.,

no orifice induced swirl component), as the

percentage of orifice blockage approaches zero, the

jet penetration would be great and a large portion of

the walls would be exposed to undiluted main fluid

while the jets impinged upon one-another at the

module's centerline. Slotted orifice designs at non-
zero orifice angles act as swirl vanes to the

approaching main-flow. In the consideration of jet

penetration, the swirl component imparted on the
main-flow must be considered.

The round hole cases had blockage values that were

less than slots at angles exceeding 34 degrees at an

aspect ratio of 1.5 and 22 degrees at an aspect ratio of
5.0. Note that all orifices at angles greater than 40

degrees (AR > 1.001) have a blockage greater than

round hole orifices. The orifice blockage in and of

itself was not solely responsible for the degree of
mixedness at one duct radius downstream.

Mixture Fraction Contours at z/R=l.0. Figure 6

shows diagramatically the orifice aspect ratio and

angles experimentally evaluated for the 16 orifice

case. The mixture fraction contour plots at one duct

radius downstream of the orifice leading edge

(z/R--1.0) are shown in Figure 7 for the 16 orifice

case. Each case in Figure 7 represents a two orifice

measurement sector that has been orifice averaged.

Similar figures for the 12, 10, 8 and 6 orifice cases

are shown in Figures 8-14 respectively. The variable

levels depicted in Figures 6, 8, 10, 12, and 14 can be

compared one-to-one to their corresponding contour

plots in Figures 7, 9, 11, 13, and 15 by noting the
relative position of an image in the later figures with

the corresponding test matrix point in the test matrix

diagrams. In each of the mixture fraction contour

plots, each contour image is labeled with a numerical

designator of the torm: number/aspect ratio/angle.

For example, 16/3/30 signifies the 16 orifice module
at a long-to-short aspect ratio of 3 and an orifice

angle of 30 degrees from the module's centerline. In

the contour plots, a mixture fraction value of I

corresponds to pure main flow material, a value of 0

corresponds to pure jet flow material. Because an

aspect ratio of one corresponds to a round hole, the

performance of an aspect ratio=l mixer is

independent of orientation angle. In the figures that
follow, for convenience, the aspect ratio equal to one

cases are associated with an angle corresponding to
what the Box-Behnken test matrix would call for if

the angle could be uniquely specified at that
condition.



All fourofthesixteenorificecasesshowninFigure7
demonstrateunder-penetratingjets. Thisis evident
by thehighmixturetractionvalueson themixer
centerline.(If thejet penetrationwerebalanced,a
bandof mixturefractionvaluescontainingthe
equilibriumvalue(.285_wouldbepresentwitha
bandof slightlyhighermixturetractionvaluesnear
themixercenterlineandwall3 Table3 liststhe
computedareaweightedstandarddeviationsabout
themeanmixturefractionvaluesforall of thecases
depictedinFigures7-15.Forthesixteenorificecase.
thebestvalueof areaweightedstandarddeviation
(closestto zero)is the16/3/0casewhichis a slot
alignedwiththemainflow. Thisisduetothefact
thatit hasno inducedswirl motionasdo cases
16/3/60and16/5/30,andhasmuchlessblockagethan
the16/1/30case.

Aswasseenwithsixteenorifices,thetwelveorifice
casesarelargelyunder-penetrating(seeFigure9_.
However,themixingisinsomecasesmuchimproved
overthesixteenorificecases.The 12/5/0 case is the

most balanced case and has the lowest area weighted
standard deviation (0.068), This, as was true for

16/3/0, results from a low blockage and no induced

swirl because it is aligned with the main flow. The

good mixing performance at one duct radius

downstream is especially interesting given the fact
that the axial orifice distance extends close to the

evaluation plane (see Table 3).

Of all of the cases considered the 10 orifice modules

displayed the best mixing performance based on the

area weighted standard deviations (see Table 3). In

Figure 11, only the 10/3/60 case displays significant
under-penetration. This under-penetration is highly

correlated with the swirl induced by the steep orifice

angle. The sensitivity of mixing performance to

blockage is less important as the number of orifices

approaches the optimum number. In the better mixed

cases, only two color ranges are represented that are

close to the equilibrium mixture traction value
(0.285). As was discussed in Kroll et al. 4, it can be

seen that the optimum mean jet penetration depth falls
between the half area radius and the linear half radius

in the mixer as determined by the radial location
where the lowest mixture traction is measured in the

evaluation plane.

The eight orifice module cases were the overlap
condition between the two Box-Behnken test matrices

discussed above. The seven cases are shown in

Figure 13. Recall that the aspect ratio equal one case

is angle-independent. In the eight orifice cases, jet

under-, balanced- and over-penetration is evident.

The steep orifice angles still exhibit under-penetration

likely due to the strong induced swirl. The no swirl

cases, 8/5/0, 8/3/0, and 8/1/angle-independent show a

tendency towards over-penetration. For eight

orifices, however, the greater blockage of the

8/l/angle-independent case improves the mixing.

The 8/5/30, 8/3/30, and 8/l/angle-independent all
showed excellent mixing performance that is

equivalent to the ten orifice good mixing cases

especially when considering the degree of case-to-

case repeatability.

In Figure 15, the six orifice cases are shown. With

six orifices, only the steep-angled slanted slot orifice

case 6/3/60 shows balanced jet penetration. The area

weighted standard deviation for this case (0.051) is

close to the best values measured in the eight and ten
orifice cases. All of the other six orifice cases are

over-penetrating and consequently display degraded

mixing performance. In some cases the orifice

heights extend up to (6/3/0) and beyond (6/5/30) the
evaluation plane.

Figure 16 shows four repeat measurement for the 8

round hole orifice case (not orifice averaged). The

repeat cases are representative of the repeatability

seen in all of the experiments. The values of area

weighted standard deviation for the repeat cases

shown in Figure 16 are 0.0536, 0.0585, 0.0438 and
0.0599. In general the measured repeatability in the

area weighted standard deviation was on the order of

0.015. The cases that had the steepest gradients in

the measured mixture fraction generally had the worst

repeatabi/ity in the area weighted standard deviation.

Linear Re_ression Analysis. In order to l'urther

generalize the results, a linear regression was

performed on 63 values of area weighted standard
deviation generated lkom the 26 cases noted above

using the Rummage II (see reL (19)) statistical

analysis software. An interpolating equation was

created for the area weighted standard deviation

(STD) as a function of the three experimental

parameters; i.e., the number of orifices (n), the orifice

aspect ratio (AR), and the orifice angle (a).

Insignir2cant terms were eliminated from the model

using conventional statistical methods. The

regression model took into account the fact that at an

aspect ratio of 1, the resulting STD had to be angle-

independent. The regression data was scaled to

remove any unnecessary ill-conditioning due to the
data ranges considered. The resulting equation is:



ST/) = C O + CI*X 1 + C2*x 2 + C3*x 3 + C4*Xl*Xl + C5*x3*x 3 + C6*Xl*X 2 +

CT*xI*X 3 + C$*x2*x 3 + C9*xI*xI*x 1 + Cl0*Xl*Xl*X3

(4)

where: X 1 =

X2 =

X3 =

(n- 10.28571 )/3.36696

(AR-2.23810)/1.58332

((o_*(AR- 1))-37.14286)/65.92832

Co = 0.059439

c2 = -0.004550
C 4 = 0.027561

C 6 = -0.013867

C 8 = -0.009102

CIo = -0.008064

C I = 0.026584

C3 = 0.011859

C5 = 0.010224

C7 = 0.018288

C 9 = -0.009068

The regression equation had a correlation coefficient
of 0.926, and an estimated standard deviation of

0.011. Although potential outliers were identified in

the data set, no data was removed when fitting the

regression equation. Not removing the outliers

resulted in six of the 63 data points accounting for

46.6 percent of the regression sum of squares error.

Figure 17 shows the predicted values of STD as

number of orifices, orifice aspect ratio and orifice

angle are changed. Many of the observations made in

the previous figures can be more easily seen. For

example, only in the six orifice case is the steep-

angled slot at a high aspect ratio an advantage. As

the number of orifices increases, the steep-angled slot

at a high aspect becomes poorer and poorer. At high

orifice numbers, a zero angled slot at a high aspect is

the best. Second, the highly nonlinear relationship
between the three controlled variables is evident. It

was this highly nonlinear relationship that required

introducing third order cross terms into the

correlation equation. Third, it is evident that the
optimum number of orifices falls between nine and

ten oritices when the area weighted standard

deviation is the optimizing parameter. Fourth, it is

'also evident that in the near optimum configuration,

the orifice aspect ratio is of lesser importance as long
as the orifice angle is shallow.

and aspect ratios. The existence of two optimums is

also predicted in the 8 and 10 orifice cases. When the

orifice number increases beyond 10, only one

optimum is predicted at high aspect ratios and

shallow angles.

In an effort to verify the existence of two optimums,

two additional cases were considered: 9/l/angle-

independent and 9/5/22. The contour plots tot these

cases are shown in Figure 19. The 9/1/angle-

independent case demonstrated an experimentally

derived area weighted standard deviation of 0.052,
which is close to the predicted value of 0.050. The

9/5/22 case displayed greater jet penetration to the
centerline than expected. This resulted in an

experimentally derived area weighted standard

deviation of 0.065 which is higher than the predicted

value of 0.052. Because the repeatability of the

measurement of STD (as discussed above) is on the
order of 0.015, the 9/5/22 STD result is within the

uncertainty band. However, this experimental result
for the 9/5/22 case is somewhat anomolous since the

10/5/30 and the 8/5/30 cases (see Figures 11 and 13_

both display balanced jet penetration. It is, however,
possible that the nonlinear sensitivity of the

interpolating equation is not sufficient. Consider. for

example, that the 8/5/0 case does display jet

overpenetration.

The independence of orifice aspect ratio when using

shallow-angled orifices at the optimum number of

orifices is better understood by considering a contour

plot for the 9 orifice case shown in Figure 18. In this

figure, two optimums are present. One optimum is at

an aspect ratio of I and the second optimum is at an

aspect ratio of 5 and an orifice angle of 20. Given the
uncertainty in the measurements (discussed above),

one could expect equally good mixing performance at
many combinations of shallow-angled slanted slots,

Summary and Conclusions

This study focused on understanding the relationship

between number of orifices, orifice aspect ratio and

orifice angle at a fixed momentum-flux ratio (40) in a

plenum ted cylindrical can mixer. The rraxture
fraction field at one duct radius downstream of the

leading edge of the orifices was measured

experimentally using thermocouples in a non-reacting
flow field. The mixture fraction fields as well as the



areaweightedstandarddeviationswereusedtoassess
mixing performance.A generalinterpolating
equationwasfoundusingleast-squaresregression
thatwasusedto furtherelucidatethetrends.The
orificeoptimizationexperimentsresultedin the
followingconclusions:

l. Mixtureunitbrmityisanon-linear/hnctionofthe
numberof orifices,the orificelong-to-short
aspectratio,andtheorificeangle.

2. Jetpenetrationdepthappearstobeafunctionof
circumferentialblockage,axialjetmassaddition
rate,andorificeinducedswirl.

3. Optimummixingoccurswhentheasymptotic
meanjet trajectoriesarein therangeof 0.35 <
r/R < 0.5 (where r--0 is at the mixer wall) at z/R
= 1.0.

4. An optimum number of orifices does exist for a

given momentum-flux rauo which rmnimizes the
mixture uniformity value. Although there is an

overall minimum for a given momentum-flux
ratio, there is also a local minimum for a given

number of orifices. Thus the appropriate

configuration may depend on given values of
both the momentum-flux ratio and the number of

orifices.

5. When the optimum number orifices are

exceeded, steep-angled slanted slots lead to

extremely poor mixing performance. In this case
aligned slots that minimize the blockage without

inducing swirl will provide the best mixing

performance.

6. At the optimum number of orifices, the
difference between shallow-angled slots with

large aspect ratios and round holes is minimal

and either approach will lead to good mixing

performance. At the optimum number of
orifices, it appears possible to have two local

optimums where one corresponds to a round hole

and the second to a shallow-angled slanted slot.

7. When the number of orifices are below the

optimum number, there is an advantage to having
steep-angled slanted slots at a high aspect ratio.
In this case the slot induced swirl minimizes the

degree of over-penetration.

8. Understanding how the number of slots, orifice

aspect ratio and orifice angle relate to one
another provides a means to further address

design issues as load changes in devices that rely
on jet mixing as an inherent part of their

operation.
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Table1 Box-BehnkenTest Parameters

Case Number or" Orifice Aspect Orifice Angle h/R Blockage I (%)
Orifices Ratio

1

2

3

4

5

6

7

8,9

10

11

12

13

14

15

16

17

18

19

20

21,22

23

24

25

26

16

16

16

16

12

12

12

12

8

8

8

8

10

10

10

10

8

8

8

8

6

6

6

6

30

0

60

angle-independent

0

60

30

angle-independent

30

0

60

angle-independent
30

0

60

angle-independent

0

60

30

angle-independent

30

0

60

angle-independent

0.639

0.563

0.375

0.353

0.826

0.495

0.592

0.408

0.904

0.796

0.531

0.500

0.808

0.712

0.475

0.447

1.012

0.607

0.725

0.500

1.044

0.919

0.613

0.577

110

47

132

90

31

144

83

78

79

34

94

64

88

38

105

72

26

119

68

64

68

29

82

56

Table 2 Global Optimization Operating Conditions

Tmain (°F) Tie r (°F) P (psia) Vmm n Mmain Mass-flow Density Ratio

(ft/s_ (lbmds) Ratio
212 74 14.7 31.0 0.090 2.5 1.28

tBlockage is defined as the sum of the circumferential length of each orifice divided by the circumference of the
mixer.
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Table3 AreaWeightedMixtureFractionStandardDeviation

Numberof OrificeAspect OrificeAngle AreaWeightedMixture
Orifices Ratio FractionStandardDeviation

16
16
16
16
12
12
12
12
10
10
10
10
8
8
8
8
8
8
8
6
6
6
6

5
3
3
I
5
5
3
1
5
3
3
1
5
3
3
1
5
5
3
5
3
3
1

3O
0
6O

angle-independent
0
60
30

angle-independent
30
0
60

angle-independent
3O
0
60

angle-independent
0
60
30
30
0
60

angle-independent

0.125"
0.115"
0.165"
0.150"
0.068*
0.160"
0.075*
0.082*
0.044
0.046
0.105
0.050*
0.057*
0.076*
0.075*
0.054*
0.084
0.104
0.050
0.089
0.113
0.051
0.093*

*averageofatleasttworepeatmeasurements
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